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Signal transducers and activators of transcription (STATs) 
transduce extracellular signals that regulate the initiation, 
duration and intensity of immune responses. However, 
unbridled activation of STATs by pro-inflammatory cytokines 
or growth factors contributes to pathogenic autoimmunity. 
In this review, we briefly discuss STAT pathways that promote 
the development and expansion of T cells that mediate two 
CNS inflammatory diseases, multiple sclerosis (MS) and 
uveitis. Particular focus is on animal models of MS and uveitis 
and new approaches to the treatment of CNS autoimmune 
diseases based on therapeutic targeting of Th17 cells and STAT 
pathways. 



Introduction 

The vertebrate immune system is comprised of the adaptive and 
innate immune systems that have distinct, as well as, overlapping 
functions in initiating and regulating host immunity. During 
Ag-presentation, dendritic cells (DC) of the innate immune sys- 
tem secrete cytokines that instruct naive T cells to differentiate 
toward one of several alternative developmental pathways result- 
ing in the generation of Thl, Th2, Thl7 or regulatory (Treg) T 
cells (Figs. 1 and 2). Cytokines secreted by the DCs (IL-12, IL-23 
and IL-27) or by differentiated T cells (IFN-7, IL-2, IL-4, IL-6, 
IL-10 and IL-21) influence the quality and nature of the immune 
response. These cytokines mediate their biological activities 
through receptors associated with Janus kinases (JAK1, JAK2, 
JAK3 and Tyk2).' Upon binding of the cytokine to its cognate 
receptor, JAKs are activated by transphosphorylation, providing 
docking sites for recruitment of specific members of the STAT 
family of transcription factors. 2 STATs recruited to the receptor 
complex are phosphorylated at a critical tyrosine residue, form 
homo- or hetero-dimers and translocate into the nucleus where 
they bind to specific DNA sequences and activate gene tran- 
scription. STATs (STAT1, STAT2, STAT3, STAT4, STAT5A, 
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STAT5B and STAT6) thus provide a rapid membrane to nucleus 
mechanism for regulating gene expression. 2 However, cytokine 
responses are typically transient and in the absence of appro- 
priate regulation may lead to imbalance in the immune system; 
resulting in immunodeficiency or autoimmunity. Suppressor 
of cytokine signaling (SOCS) proteins are cytokine-inducible 
negative feedback regulators that control the initiation, intensity, 
duration, and quality of cytokine responses (Fig. 2). 3 The fam- 
ily is comprised of eight members characterized by the presence 
of an SH2 domain and a SOCS box domain. 3 Their inhibitory 
effects derive from direct interaction of the SOCS proteins with 
cytokine receptors and/or JAKs, thereby preventing recruit- 
ment of STATs to the signaling complex. SOCS proteins also 
target proteins for polyubiquitination and proteosome-mediated 
degradation. 3 

Immune Privilege and Protection of the CNS 
(Central Nervous System) from Inflammation 

The CNS is an immune privileged site, comprised of the brain, 
spinal cord and the ocular retina. 4 The intricate and highly vul- 
nerable physiology of the CNS is shielded by the blood-brain 
barrier (BBB) and the blood-ocular barrier (BOB). 4 The barrier- 
forming constituents, comprised of endothelial and parenchymal 
basement membranes, pericytes and the perivascular space that 
inhibit paracellular diffusion, limit transcellular diffusion while 
allowing import of nutrients and export of toxic metabolites out of 
the CNS. 4 Epithelial cells of the choroid plexus and resident ocu- 
lar parenchymal cells constitutively secrete immunosuppressive 
and anti-inflammatory cytokines that inactivate immunological 
effector cells. 5 However, during MS or uveitis encephalitogenic 
or uveitogenic lymphocytes bearing antigen-receptors specific to 
neuronal or retinal proteins breach the BOB or BBB, attack and 
destroy CNS tissues. Thus, extravasation of inflammatory cells 
from the blood into the retina, brain or spinal cord is required for 
the development of neuroinflammation (Fig. 3). 

Etiology and Control of Chronic Inflammation 
in the Central Nervous System (CNS) 

Inflammation in the CNS presents unique challenges, as the 
need to avoid collateral damage that may compromise functional 
integrity of the retina or brain is as important as the need to 
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Figure I.The IL-12 cytokine family and its effects on T-helper differentiation. The family is comprised of IL-12 (p35/p40), IL-23 (p19/p40) : IL-27 (IL27p28/ 
Ebi3) and IL-35 (p35/Ebi3), and each member interacts with high-affinity heterodimeric receptors comprising of the pairing between IL-12R|31, 1 LI 2Rp2, 
IL-27Rct (WSX-1) or gp130. They mediate their biological effects through the activation of STAT pathways. The outcome of the response can be proin- 
flammatory or immune suppression depending on the predominant IL-12 family cytokines secreted by dendritic cells during Ag priming. 



eliminate the pathogen. 5 It is now widely accepted that unre- 
strained neuroinflammatory responses deriving from excessive 
secretion of cytokines by inflammatory cells contributes to neu- 
ronal or photoreceptor cell deficit that precede neurodegenera- 
tive changes in uveitis, multiple sclerosis, Alzheimer disease or 
age-related macular degeneration. Uveitis and multiple sclerosis 
are classical T cell mediated CNS autoimmune diseases that 
provide useful framework for understanding cross-talk between 
cytokines secreted by cells of the innate system (IL-12, IL-23 and 
IL-27) and cytokines produced by adaptive immune cells (IL-2, 
IL-17 and IFN-7). The fact that these cytokines, as well as, neu- 
ronal-protective cytokines (CNTF, IGF-1, OSM and LIF) utilize 
STAT pathways, provides opportunity to study how aberrant 
regulation of STAT pathways contribute to pathogenic autoim- 
munity and other neurodegenerative diseases. Mice with targeted 
deletion of STAT proteins in T cells have therefore been used to 
characterize the role of each STAT member in CNS autoimmune 
diseases. In this review, we have focused on experimental find- 
ings in mouse models of multiple sclerosis and uveitis because 



most of what we know about the role of STATs in CNS autoim- 
mune diseases derives from these models. 

Multiple sclerosis (MS) is an autoimmune disease char- 
acterized by immunological response to myelin, a dielectric 
(electrically insulating) material that forms the myelin sheath 
surrounding the axon of neurons. In MS, encephalitogenic lym- 
phocytes attack and destroy myelinated neurons, thereby inter- 
fering with synaptic transmission and communication between 
neurons. A characteristic feature of MS is its recurrent cycles of 
debilitating neurological disease. 6 Experimental autoimmune 
encephalomyelitis (EAE), induced in various rodent models by 
immunization with spinal cord or brain homogenate in CFA, has 
provided valuable insights into immunopathogenic mechanisms 
ofMS. 6 

Uveitis is a diverse group of intraocular inflammatory dis- 
eases that includes birdshot retinochoroidopathy, Behcet disease 
and ocular sarcoidosis, and is characterized by the destruction 
of uveal tissue by autoreactive uveitogenic T cells. 7 Experimental 
autoimmune uveitis (EAU) is an animal disease that shares 
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Figure 2. Cytokines and STAT pathways regulate T-helper cells that mediate uveitis and MS. Cytokine-binding facilitates recruitment and activation of 
requisite STAT proteins. Activated STATs induce the upregulation of lineage-specific master regulators such as T-bet, GATA3, R0R~7t or Foxp3 leading 
to the production of cytokines that promote the establishment and stability of the lineage. Cytokines produced by the T cell subset define the nature 
of the immune response. However, homeostatic balance of the various T-helper and regulatory T cells is orchestrated and exquisitely regulated by 
negative regulatory factors, including members of the SOCS family of latent cytoplasmic proteins. 



essential pathological features with human uveitis. 8 EAU is the 
animal model of uveitis and is a predominantly T cell-mediated 
intraocular inflammatory disease induced in susceptible species 
by active immunization with retinal protein extracts in CFA. 8 
Uveitis is also a relapsing-remitting CNS autoimmune disease. 

Encephalitogenic or uveitogenic T cells that mediate EAE or 
EAU, respectively, preferentially enter the CNS across BBB or 
BOB as a result of the expression of P-selectins, LFA-1, chemo- 
kines (MIP-1 and RANTES) and chemokine receptors by the 
inflammatory cells. In fact, antibodies directed against ICAM-1 
or LFA-1 have been used to inhibit EAU 5 and EAE, 10 underscor- 
ing the importance of adhesion molecules in pathogenesis of both 
diseases. Furthermore, integrins and osteopontin that promote 
chemotactic properties of leukocytes are important for homing 
of uveitogenic cells into neuroretina. 11,12 Numerous studies have 
sought to identify STAT pathways that mediate recruitment of 
encephalitogenic or uveitogenic T cells into the brain or retina 
as they are considered to be potential therapeutic targets in MS 
and uveitis. 



Role of STAT Proteins in CNS Autoimmune Diseases 

All four major T cell subsets (Thl, Th2, Thl7 and Tregs) are 
detected in the retina (Fig. 3), brain or spinal cord in active MS 
or uveitis. However, the presence of any T cell type in the CNS 
is undesirable because the cytokines they produce may have del- 
eterious effects on neurons and photoreceptors. Although a major 
therapeutic goal is to prevent any type of T cell from entering the 
CNS, it is particularly important to limit the expansion of Thl 
and Thl 7 cells that have been implicated as etiologic agents in 
MS, EAE, uveitis and EAU. 13,14 STAT members essential to the 
differentiation of Thl and Thl7 subsets have now been identi- 
fied by use of mice with targeted deletion of STATs in T cells. 15 
We provide below a brief summary of our current understanding 
of the role of Thl and Thl7 cells in CNS autoimmune diseases. 

The Thl lineage. Secretion of IL-12 and/or IL-27 by DCs 
during Ag presentation activates STATl and STAT4 path- 
ways that initiate epigenetic changes and reprogram the nai've 
T cell genetic program to differentiate into Thl cells. 15 The 
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Figure 3. Schematic representation of early events leading to ocular inflammation, tissue destruction and induction of retinal protective mechanism 
in rodent model of uveitis. (A) Immunization of susceptible mouse strains (e.g., C57BL/6) in complete Freund's adjuvant (CFA) triggers an immuno- 
logical response characterized by abundance of Th17 and Thl cells in lymph nodes, spleen and peripheral blood. (B) Activated Th17 cells expressing 
high levels of granzyme and activated a4(J1 integrin facilitate breakdown of blood ocular barrier (BOB) retinal-blood extravasation into retina. The 
inflammatory cells entering the eye encounter hostile environment of the retina consisting of anti-inflammatory molecules (TGFp, a-MSHa, VIP, MIF 
and IL-1ra) and resident retinal cells express inhibitory cell surface associated proteins (TGF-p, FAS/FAS ligand, CD46 and CD59). (C) Breakdown of BOB 
is accompanied by influx of other inflammatory cells and all major T-helper subsets are detectable in the reina during EAU. (D) Eventual elimination of 
cells from retina derives from endogenous adaptive mechanisms of ocular immune privilege. IFN-7/STATI-induced IL-27 production by resident ocular 
cells and cytokine-induced expression of SOCS1 and SOCS3 by retinal cells contribute to mitigation of uveitis. 



differentiating Thl cell upregulates expression of IL-12RJ32 
and T-bet. 16 Commitment to Thl phenotype ultimately requires 
the remodeling of the IFN-7 chromosomal locus, acquisition 
of heritable competence for sustained expression of IFN-7 and 
IL-12R(32. 15 Detection of IL-12 and IFN-7 in MS lesions or 
vitreous of patients with active uveitis, together with reports of 
upregulated expression of pSTATl, pSTAT4 and T-bet in PBMC 
of patients with relapsing-remitting multiple sclerosis, provided 
strong support for the role of Thl cells in MS and uveitis. 17,18 
The capacity of the IFN-7-producing Thl cells to induce CNS 
autoimmune disease was attributed in part to IFN-7-induced 
activation of CNS-resident microglia/macrophages, upregulation 
of MHC class II on CNS and recruitment of inflammatory cells 



into the CNS via induction of chemokine expression. 19 It is nota- 
ble that changes in the profiles of IFN-7-dependent chemokines 
have profound effects on cellular trafficking and inflammatory 
responses in EAE. 20 The role of Thl cells in CNS inflamma- 
tory disease was subsequently supported by studies showing 
that CNS-infiltrating T cells in EAE or EAU secrete copious 
amounts of IFN-7 and mice lacking T-bet are resistant to EAE. 21 
However, mice deficient in IFN-7 receptor, STATl or IL-12p35 
develop EAE and EAU, undermining the notion that IFN-7 and 
Thl cells are essential for the development of CNS inflammatory 
diseases. 21 " 23 

The Thl7 lineage. The discovery that IL-23 shares the 
IL-12p40 subunit with IL-12 and drives expansion of Thl7 cells 
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eventually led to the discovery of the involvement of Thl7 subset 
in the etiology of diseases previously attributed to Thl cells. The 
Thl7 subset is characterized by a unique transcriptional program 
induced by IL-6 and TGF-(31 and dependent on STAT3 and 
SMAD signal transduction pathways, respectively. 24,25 Elevated 
secretion of IL-6 in inflamed peripheral tissues activates STAT3 
pathways resulting in the induction of ROR-7t expression and 
activation of epigenetic changes that effect heritable competence 
for sustained expression of hallmark cytokines of the Thl7 lin- 
eage (IL-17A, IL-17F and IL-22). 25 The Thl7 master transcrip- 
tion factors ROR-7t and RORa also induce expression of IL-23 
receptor through STAT3-dependent mechanisms, rendering 
the differentiating cells responsive to IL-23, an innate immune 
cell cytokine essential for stabilization of the Thl7 phenotype. 25 
There are strong links between Thl7 cells and CNS autoim- 
mune diseases. 26 In studies of MS patients, IL-17 mRNA is more 
abundant in the blood and cerebrospinal tissue. 26 In addition, 
IL-23pl9 expression is elevated in brain tissue from patients with 
active and chronic lesions, indicating pivotal role of IL-23 in pro- 
moting the inflammatory responses in MS. 27 Similarly, Thl7 lev- 
els are markedly elevated in the blood of uveitis patients. 13 Their 
levels increase significantly during active uveitis and decrease 
following treatment, suggesting a link between the expansion of 
Thl7 cells and autoimmune uveitis. 13 

Therapeutic Management of Patients 
with CNS Autoimmune Disease 

There is currently no cure for MS. However, MS is currently 
managed by three main strategies: administration of interferon 
(3 (IFN-|3), glatiramer acetate or mitoxantrone. More than 80% 
of patients are treated with IFN-(3, making it the most common 
therapy for MS. 28 Treatment of relapsing-remitting MS with sub- 
cutaneous IFN-|3 injections reduces the frequency and severity of 
clinical relapses, progression to disability and development of new 
lesions. 2 ' While the mechanisms underlying the effects of IFN-|3 
is not well understood, it is thought to function by inhibiting 
T cell activation and the expression of adhesion molecules neces- 
sary for leukocyte extravasation into CNS. Glatiramer acetate, 
which is used in about 20% of patients, is a polymer consisting 
of the four amino acids glutamic acid, alanine, lysine and tyro- 
sine and it functions by inhibiting the production of inflamma- 
tory cytokines and preventing the acquisition of encephalitogenic 
effector functions by CD4* T lymphocytes. 30 Mitoxantrone is 
another FDA approved immunosuppressive agents with proven 
efficacy against MS; however, toxicity severely limits its use. 28 
Similar to MS, treatment of uveitis primarily focuses on immu- 
nosuppressive agents (e.g., cyclosporine, FK-506, daclizumab, 
rapamycin and infliximab) or antibodies or biologies that inhibit 
inflammatory cytokines (anti-IL-2, anti-IFN-7, anti-TNF-a and 
anti-TNF receptor). Although these drugs and biologies are fairly 
effective in ameliorating disease symptoms, they are of limited 
value as long-term therapy because they can cause renal toxicity 
and other adverse effects that preclude prolonged use. These limi- 
tations have been the impetus to develop new safe and effective 
drugs for MS and uveitis. 



Therapeutic Targeting of STAT Pathways: 
Potential Therapy for CNS Autoimmune Diseases 

Targeting IL-4 and STAT6 pathway in Th2 cells. EAE and 

EAU studies in mice deficient in IL-4 or STAT6 were used to 
assess whether STAT6 is a potential therapeutic target for treat- 
ment of MS or uveitis. IL-4-deficient mice have similar inci- 
dence, EAE scores and fatality rate as wild-type mice. 31 Moreover, 
encephalitogenic T cells transduced with an IL-4-expressing vec- 
tor reduced the severity of EAE in adoptive transfer studies 20 and 
IL-4 was found to be required for induction of protective oral tol- 
erance in EAU, 32 suggesting that IL-4 may confer protection from 
EAE and EAU. IL-4 activates STAT6 and STAT6-deficient mice 
exhibit a predominantly Thl phenotype with markedly reduced 
Th2 cytokine production and experience more severe clinical 
course of EAE as compared with WT mice. 20 Taken together 
these observations suggest that targeting STAT6 or inhibiting the 
differentiation or expansion of Th2 cells would not be beneficial. 

Targeting STATl and STAT4 pathways in Thl cells. Prior 
to our current appreciation of the role of Thl7 cells in auto- 
inflammatory diseases, Thl cells were thought to mediate EAE 
and EAU. As IL-12 is required for the development of Thl cells, 
it was therefore expected that IL-12 administration would have 
disease-enhancing effects. Thus, Curcumin, a naturally occur- 
ring polyphenolic phytochemical was tested and shown to inhibit 
EAE by blocking IL-12-induced activation of the STAT4 tran- 
scription factor. 33 Similarly, COX-2 inhibitors were found to 
ameliorate EAE by targeting IL-12 signaling and Thl differen- 
tiation. 34 On the other hand, recent studies have shown that cur- 
cumin ameliorates EAE through inhibition of IL-17 production 35 
and prostaglandin E2 (PGE2), a direct target of COX-2 inhibi- 
tors, promotes differentiation and proinflammatory functions of 
human and murine Thl7 cells. 36 Thus, how these compounds 
inhibit Thl7 cells remains to be elucidated. 

STAT4-deficient mice are defective in Thl differentiation and 
are highly resistant to the induction of EAE, 20 suggesting that 
it may be beneficial to target STAT4 pathways in T cells as a 
treatment for EAE. Paradoxically, IL-12 treatment protects mice 
from EAU through mechanisms involving IFN-7. 37 In fact, mice 
lacking IFN-7 receptor or STATl develop severe EAE or EAU, 
underscoring the protective role of IFN-7. 21,23 The use of STAT4- 
deficient mice to investigate whether targeting Thl differentia- 
tion would be beneficial in treating EAE or EAU is complicated 
because STAT4 knockout mice display a predominantly Th2 
phenotype 20 and produce substantial amounts of IL-4 and IL-5. 
Thus, the protection from EAE observed in STAT4 knockout 
mice may derive from protective effects of Th2 cytokines. 

Nonetheless, Thl cytokines appear to have two-sided roles: 
They initiate disease by promoting Ag-priming while conferring 
protection by limiting the immune response through upregula- 
tion of IL-27 and induction of apoptosis. 37,38 A major concern 
relating to therapeutic targeting of STAT4 in CNS disease is that 
the role of Thl cytokines may depend on the target tissue." For 
example, recent studies in EAE suggest that while both Thl and 
Thl7 cells mediate EAE, production of IFN-7 by Thl cells can 
suppress inflammation in the brain but not in the spinal cord. 19 
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In EAU, Thl cells can induce disease depending on whether CFA 
is used during disease induction. If CFA is used, the disease is 
mediated by Thl7 cells while Thl cells recruited into the retina 
during EAU contribute to the suppression of uveitis by inducing 
the expression of IL-27 through STATl-dependent mechanism 
and IL-27-mediated expansion of IL-10-producing T cells. 13,23 
In view of these caveats, additional data are required to further 
evaluate whether therapeutic inhibition of STAT4 pathway and 
Thl would be beneficial in uveitis or MS. 

Targeting STAT3 pathway and Thl7 cells. Genome-wide 
association studies (GWAS) have revealed some STAT3 variants 
are associated with MS and the STAT3 SNP rs744l66 is thought 
to be a putative MS protective haplotype. 35 Consistent with the 
critical role of STAT3 in Thl7 differentiation, mice with tar- 
geted deletion of STAT3 in CD4* T-cells (STAT3KO) cannot 
generate Thl7 and do not develop EAU or EAE." A major rea- 
son why STAT3KO mice are resistant to developing EAU or 
EAE is that the pathogenic T cells are defective in the expression 
and activation of a4Bl or a4B7 integrins and cannot traffic into 
the CNS. 11,12 They are also defective in the expression of osteo- 
pontin that promotes chemotactic properties of leukocytes. 6 In 
fact, osteopontin and a4Bl along with ctB crystalline are impli- 
cated in the relapse and remission of multiple sclerosis. 6 Pertinent 
to the development of effective treatment for relapsing-remitting 
CNS autoimmune diseases is the age-old question of where 
autoreactive memory lymphocytes reside in between episodes of 
recurrent inflammation. In a recent study, a very sensitive assay 
was used to track autoreactive lymphocytes that mediate blind- 
ing uveitis. The autoreactive uveitogenic memory T cells that 
mediate chronic uveitis were found to preferentially reside in the 
bone marrow through STAT3-dependent mechanisms. 12 Taken 
together, these observations suggest that STAT3 pathways and 
Thl7 cells are attractive targets for inhibiting CNS autoimmune 
disease. 

STAT3 inhibitors. The requirement of STAT3 for the genera- 
tion of Thl7 and development of EAU or EAE, suggests that the 
STAT3 pathway is a potential therapeutic target that can be used 
to prevent or mitigate uveitis or MS. Several compounds have 
been developed and found to inhibit STAT3 pathway and Thl7 
cells in vitro. Although many of these compounds are commer- 
cially available their in vivo functions have not been assessed in 
animal models of CNS autoimmune diseases. ORLL-NIH001 
is a synthetic 406-kDa small chemical compound developed 
by Orchid Research Laboratories in India. ORLL-NIH001 has 
been utilized to inhibit STAT3 pathways in preclinical models 
of oncology and has recently been used to treat uveitis. 40 ORLL- 
NIH001 substantially reduced levels of Thl7 cells, as well as, 
the IFN-7-expressing Thl7 subset that correlates with devel- 
opment of EAU. 11,13 The inhibitory effects of ORLL-NIH001 
derived in part from the downregulation of a4Bl, a4B7, CCR6 
and CXCR3. ORLL-NIHOOl-mediated inhibition of proteins 
required for lymphocyte trafficking into the retina was validated 
using two commercially available selective inhibitors of STAT3 : 
a cell-permeable phosphopeptide that inhibits STAT3 by bind- 
ing to STAT3-SH2 domain (STAT3 peptide; Calbiochem) and 
an amidosalicylic acid compound that selectively inhibits STAT3 



activation and STAT3-dependent transcription (S31-201; 
Calbiochem). 40 It is notable that ORLL-NIH001 suppressed 
EAU in mice treated with the drug before disease induction, 
as well as, mice that received the drug after establishment of 
EAU, suggesting that ORLL-NIH001 may be used in treating 
pre-existing uveitis. 40 However, a drawback to therapeutic use of 
ORLL-NIH001 is its bioavailablility as frequent administration 
of the drug is required. Although delivery of the drug by intrave- 
nous injection is effective, oral administration and subcutaneous 
injection are attractive alternatives. 

SOCS1 and SOCS3 mimetic peptides. Some SOCS proteins 
possess a kinase inhibitory region (KIR) that binds to tyrosine- 
phosphorylated JAKs and suppress JAK activities. 41 SOCS1 
and SOCS3 KIR mimetics have been shown to inhibit STAT 
pathways 41 and the small peptide mimetics of SOCS1 effectively 
inhibits IL-6 and IFN-7 signaling in vitro and in vivo by target- 
ing JAK-STAT pathway. 42 " 44 Several SOCS1 mimetic peptides 
that are attached to lipophilic palmitoyl-lysine and arginine 
groups (see Table 1) are effective in penetrating cells and inhib- 
iting JAK2 kinase activity. 42 SOCS1 mimetics have also been 
used to inhibit Thl7 expansion in EAE. 42 " 44 Orally administered 
SOCS1 mimetics are also effective in inhibiting the production 
of IL-17, IFN-7, TNF-a or IL-23 and antagonizing STAT3 acti- 
vation by inflammatory cells. 41 Because they readily cross the 
blood brain barrier, SOCS1-KIR are considered to be more clini- 
cal efficacious than therapeutic antibodies that have difficulty in 
crossing the BBB. 

Synthetic chemical inhibitors of Thl 7 developmental pathway. In 
addition to STATs, other transcription factors that contribute to 
Thl7 development and expansion are potential therapeutic tar- 
gets in Thl7-mediated disease. For example, the nuclear recep- 
tors, retinoic-acid-receptor-related orphan receptors a (RORa) 
and ROR-7t, play essential roles in the development of the Thl7 
phenotype and are therefore attractive targets for treating EAE or 
EAU. Two drugs that block the activities of RORa and ROR-7t 
have been shown to prevent Thl7 differentiation and are there- 
fore of therapeutic value. 45 One of these is digoxin, a cardiac gly- 
coside used for the treatment of heart conditions. It is a highly 
specific ROR-^t antagonist with no effects on RORa. 45 A second 
ligand antagonist compound called SR1001 is a derivative of the 
benzenesulphonamide drug T0901317. 45 It is a specific antagonist 
of both RORa and ROR-^t and does not affect the activity of 
other nuclear receptors. Both digoxin and SR1001 compete for 
ROR-^t binding to 25-hydoxycholesterol, a molecule that binds 
to the ligand-binding domain of ROR-7t. 45 Treatment of naive 
CD4 + T cells with digoxin or SR1001 inhibited Thl7 differen- 
tiation and expression of Thl7 signature genes including IL23R, 
IL-17A, IL-17F and IL-22. Most importantly, both digoxin and 
SR1001 delayed the onset and reduced the severity of EAE by 
inhibiting the number of Thl7 cells recruited into the spinal 
cord. 45 Thus, ROR-7t antagonists are potential drugs for treating 
CNS autoimmune diseases. However, while SR1001 inhibited 
Thl7 cells in the mouse and humans, it also induced in vitro, the 
expansion of human Thl and Tregs, suggesting that its effects on 
EAE may not be directly applicable to human disease. Another 
concern relating to the therapeutic use of RORa and ROR-7t 
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inhibitors is that their effect on other cell types that express 
these orphan receptors are unknown. For example, ROR-7t and 
RORa are known to regulate hepatic glucose metabolism and 
targeting these factors may have unforeseen effects that may pro- 
mote type I diabetes. 45 

Perspectives 

Advances in cytokine research over the past two decades have 
provided remarkable information and insights into mecha- 
nisms utilized by cytokines to transmit extracellular signals to 
the nucleus and activate genes whose products influence the 
behavior of the cell. The JAK-STAT pathway is one of the most 
important pathways utilized by cells of the innate and adap- 
tive immune systems to initiate and regulate immune responses. 
Despite the remarkable knowledge of the role STAT proteins in 
the differentiation and functions of inflammatory cells, transla- 
tion of this knowledge to therapy has lagged behind. For exam- 
ple, many STAT inhibitors have been developed and widely used 
in research. However, few of these compounds have been tested 
or assessed as therapeutic agents in animal models of human 
diseases. It is therefore of note that current therapies for treating 
MS and uveitis primarily focus on immunosuppressive agents 
or biologies. Although these drugs are fairly effective in ame- 
liorating disease symptoms, they are of limited value because of 
renal toxicity and other adverse effects that preclude prolonged 



Table 1. SOCS mimetics 



Peptide 


Sequence 


SOCS1-KIR 


53 DTHFRTFRSHSDYRRI 


SOCS1-KIR2A 


53 DTHARTARSHSDYRRI 


Tyrosine kinase inhibitory peptide (TKIP) 


WLVFFVIFYFFR 



SOCS1-KIR (consisting of the kinase inhibitory region of SOCS1) and TKIP 
(complementary to the auto-phosphorylation site of JAK2) peptides 
inhibit STAT 1 activation/phosphorylation, and have been shown to be 
efficacious in the prevention and treatment of EAE. SOCS1-KIR and TKIP 
possess cell-penetrating capacity through the addition of a lipophilic 
palmitoyl-lysine group to the N-terminal region of the peptide. SOCS1- 
KIR2A, possessing two alanine substitutions, has been used as a specificity 
control to S0CS1-KIR. 

use. The use of small molecule compounds that target STAT 
pathways or Thl7 cells represent an important addition to the 
armamentarium of remedies for these paralyzing and blind- 
ing diseases of the CNS. These new treatment modalities can 
potentially be used in synergy with each other, or with exist- 
ing therapeutics, as a means to reduce toxicities associated with 
established treatment strategies. Our major goal in this review 
is to highlight the therapeutic merits of these compounds in 
autoimmune disease. 
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